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Abstract
FASER, ForwArd Search ExpeRiment at the LHC, has been proposed as a small, very far
forward detector to discover new, light, weakly-coupled particles. Previous work showed that
with a total volume of just ∼ 0.1 − 1 m3, FASER can discover dark photons in a large swath
of currently unconstrained parameter space, extending the discovery reach of the LHC program.
Here we explore FASER’s discovery prospects for dark Higgs bosons. These scalar particles are an
interesting foil for dark photons, as they probe a different renormalizable portal interaction and
are produced dominantly through B and K meson decays, rather than pion decays, leading to less
collimated signals. Nevertheless, we find that FASER is also a highly sensitive probe of dark Higgs
bosons with significant discovery prospects that are comparable to, and complementary to, much
larger proposed experiments.
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I. INTRODUCTION
At present, no particles beyond the standard model (SM) have been found at the Large
Hadron Collider (LHC). So far, attention has typically focused on hypothetical heavy parti-
cles with SM gauge interactions, which give rise to high pT signatures, and the ATLAS and
CMS experiments are optimized for such searches. But light particles with milli-charged and
weaker couplings are increasingly motivated (see, e.g., Ref. [1]), and are predominantly pro-
duced with low pT . Such particles may have escaped detection at the LHC because they pass
undetected down the beam pipe, are long-lived and decay after leaving existing detectors,
are produced in the central region, but their signals are clouded by large SM background,
or some combination of these possibilities.
In a previous paper [2], we proposed that a new experiment, FASER (ForwArd Search
ExpeRiment), be placed in the far forward region of either the ATLAS or CMS detector
regions with the goal of discovering such new, light, weakly-coupled particles. We considered
two representative on-axis locations: a near location between the beampipes, after the neu-
tral target absorber (TAN, or TAXN in the HL-LHC era), and roughly 135 m downstream;
and a far location after the beamlines enter an arc, 400 m downstream. In both locations,
we found that a small cylindrical detector (4 cm in radius and 5 m deep in the near location,
20 cm in radius and 10 m deep in the far location) has significant discovery potential for
new light particles. As an example, we considered dark photons and found that for masses
mA′ ∼ 10−500 MeV and micro- to milli-charged couplings ( ∼ 10−6−10−3), FASER could
discover dark photons in a wide swath of currently unconstrained parameter space, with
comparable sensitivity to other, much larger, proposed experiments.
In this study, we consider FASER’s discovery potential for dark Higgs bosons. As with
dark photons that interact with the SM through a kinetic mixing term, dark Higgs bosons
probe one of the few possible renormalizable interactions with a hidden sector, the Higgs
portal quartic scalar interaction [3]. In addition, dark Higgs bosons have numerous cosmo-
logical implications. Like dark photons, they may mediate interactions with hidden dark
matter (DM) that has the correct thermal relic density [4] or resolves small scale structure
discrepancies [5]. Additionally, a dark Higgs boson may be the inflaton, providing a rare
possibility to probe inflation in particle physics experiments [6–9].
From an experimental perspective, dark Higgs bosons are an interesting foil for dark
photons. Dark Higgs bosons mix with the SM Higgs boson and so inherit the property of
coupling preferentially to heavy particles. Dark Higgses are therefore dominantly produced
in B and K meson decays, in contrast to dark photons, which are primarily produced in pi0
and light meson decays. As a consequence, dark Higgs bosons are produced with greater
pT and are less collimated, providing a challenging test case for FASER. In addition, the
trilinear scalar coupling hφφ, where h is the SM Higgs boson and φ is the dark Higgs bosons,
can be probed both at FASER, through the double dark Higgs process b → sh∗ → sφφ,
and through searches for the exotic SM Higgs decays h → φφ. We will evaluate FASER’s
sensitivity to both φ–h mixing and the hφφ coupling, and compare them to other current and
proposed experiments, such as NA62 [10], SHiP [11], MATHUSLA [12–14], and CODEX-
b [15]. Throughout this study, we consider FASER in the high luminosity era and assume
an integrated luminosity of 3 ab−1 at the 13 TeV LHC.
This study is organized as follows. In Sec. II we discuss dark Higgs bosons and their
properties. In Secs. III and IV we determine FASER’s sensitivity to φ–h mixing and the
trilinear hφφ coupling, respectively. We then note interesting implications for DM and
2
inflation in Sec. V and present our conclusions in Sec. VI.
II. DARK HIGGS PROPERTIES
If the SM is extended to include a hidden real scalar field h′, the most general scalar
Lagrangian is
L = µ2H |H|2 −
1
4
λH |H|4 + µ′2h′2 − µ′3h′3 −
1
4
λ′h′4 − µ′12h′|H|2 − h′2|H|2 , (1)
where H is the SM electroweak Higgs doublet, and the last term is the Higgs portal quartic
scalar interaction. To determine the physical particles and their properties, one must min-
imize the scalar potential and diagonalize the mass terms. The resulting physical particles
are a SM-like Higgs particle h and a dark Higgs boson φ. The parameters are constrained
by the SM-like Higgs boson’s vacuum expectation value (vev) v ' 246 GeV and mass
mh ' 125 GeV, but in general, five free parameters remain. The number of free parameters
can be reduced in specific models, for example, by invoking a discrete symmetry for h′ to
set µ′3 = µ
′
12 = 0, or by invoking such a discrete symmetry and further setting µH = 0 [7, 8]
or µ′ = 0 [9] by hand.
For our purposes, it is most convenient to adopt a phenomenological parametrization,
where the Lagrangian for the physical dark Higgs boson φ is
L = −m2φφ2 − sin θ
mf
v
φf¯f − λvhφφ+ . . . , (2)
where the omitted terms include additional cubic and quartic scalar interactions involving
φ and h. Current experimental constraints require sin θ ≈ θ  1 and λ  1. We will refer
to the three parameters,
mφ , θ, λ , (3)
as the dark Higgs boson mass, mixing angle, and trilinear coupling, respectively. They deter-
mine all of the phenomenological properties of interest here and will be taken as independent
parameters throughout this study.
A. Dark Higgs Decays
The dark Higgs decay widths are suppressed by θ2 relative to those of a SM Higgs boson
with identical mass. We will assume that there are no hidden sector decay modes. For
mφ < 2mpi, then, the dark Higgs decays primarily to either e
+e− or µ+µ− with decay width
Γ(φ→ ``) = m
2
`mφ
8piv2
(
1− 4m
2
`
m2φ
)3/2
θ2 , (4)
where ` = e, µ. In the mass range 2mpi < mφ . 2.5 GeV, the decay widths are complicated
by decays to mesons and the effects of resonances, and there is no consensus regarding their
values in the literature [16]. We adopt the numerical results of Ref. [8], which incorporate the
results of Ref. [17] for the mass range 2mpi < mφ . 1 GeV, use the spectator model [18, 19] for
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FIG. 1: Left: Dark Higgs decay length d¯ = cτφβγ as a function of mφ for various energies Eφ and
θ = 10−4. The decay length scales as d¯ ∝ θ−2. Adapted from Ref. [8]. Right: Dark Higgs decay
length d¯ in the (mφ, θ) plane for Eφ = 1 TeV. The decay length scales as d¯ ∝ Eφ for large Eφ.
The gray shaded regions are experimentally excluded.
the high-mass range mφ & 2.5 GeV, and interpolate between these two for the intermediate
mass range 1 GeV . mφ . 2.5 GeV.
The resulting decay lengths are shown in Fig. 1. Because the decays are both Yukawa-
and θ-suppressed, for currently viable values of θ and energies Eφ ∼ 1 TeV, dark Higgs decay
lengths can be very long. Below the muon threshold, i.e., for mφ < 2mµ, the tiny electron
Yukawa coupling leads to an extremely long dark Higgs lifetime, resulting in a negligible
event rate in FASER, as most dark Higgs bosons typically overshoot the detector. On the
other hand, for 2mµ < mφ . 2mτ and energies Eφ ∼ 100 GeV − 1 TeV, decay lengths
d¯ = cτφβγ ∼ 10 m− 1 km are possible, and a significant number of dark Higgs bosons can
pass through many LHC infrastructure components and decay within the FASER volume.
The dark Higgs branching fractions are shown in Fig. 2. As shown there, above the muon
threshold, the µ+µ− decay mode dominates in the narrow region 2mµ < mφ < 2mpi, but
for larger masses, the dominant decay modes are to pions, kaons, and other hadrons. This
differs markedly from the dark photon case, where leptonic decays are significant for most
of the mass range.
B. Dark Higgs Production
In this section, we discuss the dominant production mechanisms for dark Higgs bosons:
B, K, and light meson decays.
Dark Higgs bosons can also be produced through other processes. For example, they may
be radiated off a b quark line and be produced in processes bb¯→ φg or bg → bφ, or through
4
B
(ϕ→X
X
)
0.1 0.5 1 5 10
10-2
10-1
1
ϕ Branching Fraction
γγ
ee
μμ
ππ
KK
gg
ss
cc
ττ
mϕ [GeV]
FIG. 2: Dark Higgs branching fractions as a function of mφ. Adapted from Ref. [8].
the vector boson fusion processes qq → qqφ.1 In principle, such processes could extend the
reach of FASER to masses mφ > mB. We have checked, however, that, for currently viable
values of dark Higgs parameters, such processes do not contribute significantly to dark Higgs
rates in FASER, and so we focus instead on the meson decay processes in this study.
1. B Decays
Single dark Higgs bosons may be produced in meson decays through φ–h mixing. The
rates are proportional to θ2 and, since the dark Higgs inherits the couplings of the SM
Higgs, the branching ratios are largest for processes involving heavy flavors, in particular,
B mesons.
The inclusive decay of B mesons into dark Higgs bosons is dominated by the parton-level
process b→ sφ containing a t–W loop, with the φ radiated from the top quark. Uncertainties
from strong interaction effects are minimized in the ratio [20, 21]
Γ(B → Xsφ)
Γ(B → Xceν) =
Γ(b→ sφ)
Γ(b→ ceν) =
27
64pi2v2
m4t
m2b
(
1− m
2
φ
m2b
)2
1
fc/b
∣∣∣∣V ∗tsVtbVcb
∣∣∣∣2 θ2 , (5)
where Xs,c denote any strange and charm hadronic state, and fc/b ' 0.51. Given B(B →
Xceν) = 0.104 for both B
0 and B±, and since the total width is θ-independent for θ  1,
we find
B(B → Xsφ) ' 5.7
(
1− m
2
φ
m2b
)2
θ2 . (6)
1 The contributions from processes such as gluon-gluon fusion cannot be reliably estimated, since the parton
distribution functions suffer from large uncertainties when the light dark Higgs is produced in the forward
direction [2].
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Here and below we take the quark masses to be mt ' 173 GeV, mb ' 4.75 GeV, ms '
95 MeV, and we use the most recent values of meson decay widths and CKM parameters [22].
In the following, we apply Eq. (6) to obtain the φ production rate in B meson decays, which
we regard as a two-body decay. In doing so, we neglect small kinematic effects which may
arise when Xs is a multi-body state.
2. K and Light Meson Decays
The amplitude for K decay into a dark Higgs boson is [7, 18, 23]
M = θm
2
K
v
(
γ1
7
18
m2K −m2φ +m2pi
m2K
− γ2 7
9
+
1
2
3
16pi2v2
∑
i=u,c,t
V ∗idm
2
iVis
)
, (7)
where γ1 = 3.1× 10−7 and γ2 ≈ 0. The third term is from (u, c, t)–W loop diagrams, and it
is again dominated by the top contribution. The branching fractions for the physical kaon
states are
B(K± → pi±φ) = 1
ΓK±
2p0φ
mK
|M|2
16pimK
= 2.0× 10−3 2p
0
φ
mK
θ2
B(KL → pi0φ) = 1
ΓKL
2p0φ
mK
Re(M)2
16pimK
= 7.0× 10−3 2p
0
φ
mK
θ2
B(KS → pi0φ) = 1
ΓKS
2p0φ
mK
Im(M)2
16pimK
= 2.2× 10−6 2p
0
φ
mK
θ2 ,
(8)
where p0φ = λ
1/2(m2K ,m
2
pi,m
2
φ)/(2mK), with λ(a, b, c) = a
2 + b2 + c2 − 2(ab+ ac+ bc), is the
dark Higgs boson’s three-momentum in the parent meson’s rest frame. The ratio 2p0φ/mK
is unity for mpi,mφ  mK . B(KS → pi0φ) is suppressed relative to the others primarily by
the relatively large KS total decay width, but also by the small CP -violating phase in the
CKM matrix.
Dark Higgs bosons may also be produced in the decays of light mesons, for example,
through processes with branching fractions B(η′ → ηφ) ' 7.2×10−5(2p0φ/mη′)θ2 [18], B(η →
pi0φ) ∼ 10−6(2p0φ/mη)θ2 [23, 24], and B(pi± → eνφ) ' 1.9× 10−9f(m2φ/m2pi)θ2, where f(x) =
(1− 8x+ x2)(1− x2)− 12x2 lnx [25].
As expected, the branching fractions have the hierarchy B(B → φ)  B(K → φ) 
B(η, pi → φ). The numbers of kaons and light mesons produced at the LHC are very roughly
comparable, and so, given the hierarchy in branching fractions, kaon decay is always a more
effective production mechanism for dark Higgs bosons than light meson decay. The number
of B mesons produced at the LHC is, of course, suppressed relative to kaons, but the larger
branching fraction compensates for this, and also B decays probe much higher mφ. Given
these considerations, we will show results for B and K decays below, and neglect those for
light meson decays.
III. PROBES OF DARK HIGGS-SM HIGGS MIXING
Given the production and decay properties of dark Higgs bosons described in Sec. II,
we now determine the sensitivity of FASER to dark Higgs bosons produced through φ–
6
h mixing. In Sec. III A we describe the parent meson and dark Higgs boson kinematic
distributions at the LHC. In Sec. III B we determine the number of dark Higgs bosons that
decay in FASER, for various possible realizations of FASER, and in Sec. III C we estimate
the discovery potential for dark Higgs bosons in the (mφ, θ) parameter space.
A. Meson and Dark Higgs Boson Distributions
To determine the dark Higgs boson event yield in FASER, we first simulate B and K
production in the very far forward region at the LHC. For kaons, we follow the procedure de-
scribed in Ref. [2] and use the Monte-Carlo event generator EPOS-LHC [26], as implemented
in the CRMC simulation package [27].
To simulate B mesons, we use the simulation tool FONLL [28–30], which calculates the
differential cross section dσ(pp → B + X)/(dydp2T ). This is obtained from a convolution
of a perturbative partonic production cross section with a non-perturbative fragmentation
function, which follows a Kartvelishvili et al. distribution with fragmentation parameter
α = 24.2 [31, 32]. The dominant contribution to B production comes from the parton-
level process gg → bb¯. The typical momentum transfer for this process in the far forward
direction, where θb  1, is q2 ≈ 2m2b + 12p2T,b ≈ 50 GeV2. The partonic center-of-mass energy
sˆ = x1x2s is bounded from below by sˆ > 4m
2
b . For the 13 TeV LHC, then, b-quark pair
production receives contributions from momentum fractions x1,2 as low as 4m
2
b/s ' 5×10−7.
For momentum transfers q2 ∼ 50 GeV2, the parton distribution functions (pdfs) are well
behaved even at this low x, but suffer from uncertainties as large as a factor of 2. We use
the CTEQ 6.6 pdfs with mb = 4.75 GeV.
In the top left and bottom left panels of Fig. 3, we show the kinematic distributions of
B and KL mesons in the (θB, pB) and (θK , pK) planes, respectively, where θB,K and pB,K
are the meson’s angle with respect to the beam axis and momentum, respectively. With
an integrated luminosity of 3 ab−1, the 13 TeV LHC produces 1.42 × 1015 B mesons [33]
and 9.1× 1017 kaons in each hemisphere, and these are clustered around pT ∼ mB and mK ,
respectively.
To derive the dark Higgs distributions from the meson distributions, we decay each B
and K meson in the Monte Carlo sample. B mesons decay essentially at the IP; kaons
travel macroscopic distances before decaying, and we scan over the kaon decay positions
with the proper weighting. We further consider only kaons that decay before colliding with
the beampipe at a transverse distance of 3 cm, and restrict our attention to KL,S mesons
that decay before reaching the TAN/TAXN at L ≈ 140 m and to K± mesons that decay
before being deflected by the Q1 magnet at L = 20 m.
The dark Higgs boson distributions are shown in Fig. 3 for model parameters (mφ, θ) =
(2 GeV, 10−4) for B decays (top center) and (mφ, θ) = (300 MeV, 5×10−4) for kaons (bottom
center). The dominant contribution from kaons is from KL decays,
2 with a subleading
contribution from K± decays. The KS contribution is suppressed by a factor of 20 relative to
the KL contribution; the short KS lifetime reduces the branching ratio to dark Higgs bosons,
but also guarantees that all KS decay before hitting the TAXN. Despite the suppression of
2 The KL distribution is clustered around pT ∼ mK , and along this line, there are two dominant populations
with energies around 1-10 GeV and 100-1000 GeV. Those with intermediate energies are removed by the
requirement that the kaon decay within the beampipe.
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FIG. 3: Distribution of particles produced at the 13 TeV LHC with an integrated luminosity of
3 ab−1 in the (θ, p) plane, where θ and p are the particle’s angle with respect to the beam axis and
momentum, respectively. The panels show the number of particles produced in one hemisphere
(0 < cos θ ≤ 1). The bin thickness is 1/5 of a decade along each axis. The top row shows
the distributions of B mesons (left), dark Higgs bosons produced in B decays (center), and dark
Higgs bosons produced in B decays that themselves decay after traveling a distance in the range
(Lmin, Lmax) = (390 m, 400 m) (right) for model parameters (mφ, θ) = (2 GeV, 10
−4). The bottom
row shows the analogous distributions for KL and (mφ, θ) = (300 MeV, 5 × 10−4). The black
dashed lines corresponds to pT = p sin θ = mB in the top row and mK in the bottom row, and
the gray dashed vertical lines in the right panels show the angular coverage of two representative
configurations of FASER in the far location.
branching fractions by θ2, we see that, even for θ = 10−4, for an integrated luminosity of
3 ab−1 at the 13 TeV LHC, B and K decays each produce ∼ 106 − 107 dark Higgs bosons
that are boosted toward FASER.
B. Dark Higgs Decay Inside Detector
To determine the number of dark Higgs bosons that decay in FASER, we must specify
the size, shape, and location of FASER. As in Ref. [2], we consider cylindrical detectors
centered on the beam collision axis with radius R and depth ∆ = Lmax − Lmin, where Lmax
(Lmin) is the distance from the IP to the far (near) edge of the detector along the beam axis.
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We consider two representative detector locations:
far location: Lmax = 400 m, ∆ = 10 m, R = 20 cm, 1 m
near location: Lmax = 150 m, ∆ = 5 m, R = 4 cm .
(9)
The far detector is placed along the beam axis after the beam tunnel starts to curve. The
near location is located between the beams and between the TAN/TAXN neutral particle
absorber and the D2 dipole magnet. The rationale for these locations is given in Ref. [2].
Other locations between the near and far location (or even in an existing service tunnel
slightly beyond the far location [2]) may be more feasible, but we will present results for
these two as they represent two natural extremes. Note that, in addition to the far detector
with R = 20 cm studied in Ref. [2], we also consider a larger detector with R = 1 m, for
reasons that will become clear below.
In the case of dark Higgs bosons produced in B decays, which typically occurs very close
to the IP, the probability of a dark Higgs boson to decay inside the detector volume is
Pdetφ (pφ, θφ) = (e−Lmin/d¯ − e−Lmax/d¯) Θ(R− tan θφLmax) , (10)
where the first term is the probability that the dark Higgs boson decays within the
(Lmin, Lmax) interval, and the second term enforces the angular acceptance of the detec-
tor. For kaon decays, since kaons travel macroscopic distances before decaying, Eq. (10) is
modified to take into account both the horizontal and vertical displacement of the position
at which the dark Higgs boson is produced. In the right panels of Fig. 3, we show the number
of dark Higgs bosons decaying in the far location range (Lmin, Lmax) = (390 m, 400 m). We
see that only very energetic particles with Eφ & 100 GeV have a sufficient decay length d¯ to
reach the detector.
In Fig. 4 we explore the dependence of the signal rates at the far location on the
detector radius R. We consider the two model parameter points selected previously:
(mφ, θ) = (2 GeV, 10
−4) and (300 MeV, 5 × 10−4), which correspond to cτφ ≈ 0.1 m and
cτφ ≈ 0.4 m, respectively. In the first scenario, mφ > mK , and so the dark Higgs production
is predominantly through B meson decays. To reach FASER, the dark Higgs boson must
have a large boost factor corresponding to energies above ∼ 1 TeV, as seen in the top right
panel of Fig. 3. Dark Higgs bosons with such high energies are already very collimated, and
extending the detector radius from R = 20 cm to R = 1 m does not dramatically improve
the signal acceptance, as seen in Fig. 4.
In the second case, the dark Higgs bosons is both lighter and longer lived, so the spectrum
of dark Higgs bosons that can decay in FASER extends to lower energies. In contrast to the
former scenario, for this benchmark, mφ < mK , so dark Higgs bosons are produced in both
K and B decays. For the B decays, lower energies imply that the signal is less collimated,
and indeed, as can be seen in Fig. 4, extending the detector radius from R = 20 cm to
R = 1 m improves the signal event yield by two orders of magnitude. On the other hand,
the kaon distributions are highly collimated as they are centered along pT ∼ mK , and the
effect on the signal from kaon decays is therefore negligible.
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and for dark Higgs bosons produced in B decay for model parameters (2 GeV, 10−4). The vertical
lines at R = 20 cm and 1 m are the radii for two representative far location detectors. Results for
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C. Mixing Reach
We now estimate the reach in dark Higgs parameter space at FASER. In Fig. 5 we show
contours of the expected number of signal events, assuming 100% efficiency in detecting
dark Higgs boson decays in FASER. The green and red contours indicate the production
processes B → Xsφ and K → piφ, where all kaon species are included. The three panels
correspond to the three detector setups specified in Eq. (9). In our simulations, we employed
a cut on the dark Higgs momentum, pφ > 100 GeV, which is anyway effectively imposed by
the requirement that the dark Higgs bosons propagate to the detector locations considered.
The gray-shaded regions of parameter space have already been excluded by previous
experiments. The low-mass regime is excluded primarily by the CHARM experiment, a
beam dump experiment searching for long-lived particles produced mostly in kaon decays and
decaying into lepton or photon pairs [7, 34]. In the intermediate-mass regime, 2mµ < mφ <
mB−mK(∗) , the strongest constraints are from LHCb searches for B0 → K∗0(φ→ µ+µ−) [35]
and B+ → K+(φ→ µ+µ−) [36] containing a possibly displaced di-muon resonance.
From Fig. 5, we see that, if backgrounds can be reduced to negligible levels, as discussed
in Ref. [2], FASER will be able to probe the remaining gap between the CHARM and LHCb
constraints using dark Higgs bosons produced in both the K → piφ and B → Xsφ channels.
The B → Xsφ channel will further be able to probe a currently unconstrained region of
parameter space in the mass range 2mµ . mφ . 2mτ for couplings 10−5 . θ . 10−3.
The reach at FASER drops rapidly when the φ → ττ,DD channels open up, given the
corresponding sharp drop in dark Higgs lifetime. Comparing the three panels in Fig. 5, we
see that a far detector with relatively large radius R = 1 m has the largest reach.
10
A
θ
10-1 1 1010-6
10-5
10-4
10-3
10-2
B→XsϕK→πϕ 310
102
FASER: far location
Lmax=400m, Δ=10m, R=20cm
Lint=3 ab-1*
*
mϕ [GeV]
A
θ
10-1 1 1010-6
10-5
10-4
10-3
10-2
B→XsϕK→πϕ
3
10
102
103
FASER: far location
Lmax=400m, Δ=10m, R=1m
Lint=3 ab-1*
*
mϕ [GeV]
A
θ
10-1 1 1010-6
10-5
10-4
10-3
10-2
B→Xsϕ
K→πϕ
3
10
102
FASER: near location
Lmax=150m, Δ=5m, R=4cm
Lint=3 ab-1*
*
mϕ [GeV]
A
θ
10-1 1 1010-6
10-5
10-4
10-3
10-2
FASER: far location
Lmax=400m, Δ=10m, R=1m
Lint=3 ab-1NA62
SHiP
MATHUSLA
CODEX-b
mϕ [GeV]
FIG. 5: Number of signal events Nsig in dark Higgs parameter space for the far detector location
with R = 20 cm (top left) and R = 1 m (top right) and for the near detector location (bottom
left), given an integrated luminosity of 3 ab−1 at the 13 TeV LHC. As indicated, the contours
are for Nsig = 3, 10, 100, 1000, . . . from the processes b → sφ (green) and K → piφ (red). The
gray shaded regions are excluded by current experimental bounds. The black stars correspond to
the representative parameter-space points discussed in the text. The bottom right panel shows
the exclusion reach for FASER at the far location for R = 1 m (solid black line) along with the
projected reaches of other proposed experiments that search for long-lived particles.
In [2], we made a first attempt to estimate the backgrounds and considered a variety of
SM processes that could mimic the signal. We focused on processes resulting in two high-
energy, opposite-charge tracks that are simultaneous within the detector time resolution and
to point back to the IP within the detector angular resolution. We found that the natural
(rock) and LHC infrastructure (magnets and absorbers) shielding eliminates most potential
background processes, but leaves the possibility for neutrino-induced and beam-induced
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backgrounds.
Neutrino-induced backgrounds can arise from high energy neutrinos produced close to
the IP that propagate toward FASER and interact with the material inside the detector.
The leading contribution in this case is from the process νµN → µ−pi+X, but due to the
small nuclear recoil this process produces two charged tracks that are highly asymmetric
in energy, in contrast to the signal. For the far detector, we estimated the rate for this
background and found it to be negligible. Other neutrino backgrounds may arise from kaon
production in the rock before the detector and its subsequent decay into two or more charged
tracks inside the detector. The production of high energy kaons is, however, suppressed from
similar nuclear recoil arguments, and the kaon energy loss in material is substantial. We
found these backgrounds to be negligible as well.
Beam-induced backgrounds are substantially harder to estimate. For the far location,
which is well shielded from hadrons and electromagnetic radiation from the IP, muons pro-
duced in beam-gas interactions are likely the dominant background. As a first attempt to
estimate such backgrounds, we considered the possibility that two uncorrelated muons pro-
duced in beam-gas interactions arrive at FASER within a time shorter than the detector
time resolution. Taking into account the production rate of high energy muons in beam-
gas collisions [37], the LHC bunch crossing structure and rate, and assuming a reasonable
detector time resolution of δt = 100 ps, we found a negligible di-muon rate. A more realis-
tic background analysis requires the exact material and design layout of the LHC tunnels,
and models of radiation-matter interactions as embedded in tools like FLUKA [38, 39] and
MARS [40, 41]. Such an analysis is currently underway, but is beyond the scope of this
work.
Last, it is important to note that, if the background is non-negligible, but well-estimated,
the resulting reach can be estimated from the event yield contours in Fig. 5. As seen there,
even if 10 or 100 signal events are required, FASER can still probe significant regions of
currently unexplored parameter space.
The projected reaches [14] of NA62 [10] and the proposed SHiP [11], MATHUSLA [12],
and CODEX-b [15] experiments are shown in the bottom right panel of Fig. 5.3 These
experiments probe similar ranges of dark Higgs lifetimes, and are therefore only sensitive
in the 2mµ . mφ . 2mτ range, since for mφ > 2mτ (mφ < 2mµ), the dark Higgs is too
prompt (long-lived). FASER’s reach exceeds the projections for NA62. Its reach in θ is
complementary to the three other experiments: while there is significant overlap, SHiP,
MATHUSLA, and CODEX-b are more sensitive at relatively low θ, while FASER covers the
relatively high θ region, particularly the region with θ ∼ 10−4 and mφ > 1 GeV, which is
not covered by the other experiments.
To understand the complementarity of FASER and other experiments, as a specific exam-
ple, consider FASER and SHiP with θ ∼ 10−4. The advantage of a fixed-target experiment
like SHiP is that it has far more pp collisions than a collider experiment. However, the
number of B mesons produced at SHiP, 7× 1013 [11], is less than the number produced at
the LHC for FASER, 1.42×1015, because SHiP’s center-of-mass energy is much lower. Even
more important is the difference in the probabilities of dark Higgs bosons decaying in the
3 SeaQuest, a 120 GeV proton beam dump experiment at Fermilab, is not competitive in the search for
dark Higgs bosons because its center-of-mass energy results in a small B meson production rate. This
is in contrast to the case of dark photons, which are produced in light meson decays and through dark
bremsstrahlung [42].
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detector (see Eq. (10)). In our notation, the distance scales of SHiP are RSHiP ≈ 2.5 m, and
LSHiPmax = 120 m [11]. From Fig. 1 we see that SHiP’s beam energy is too small to produce
dark Higgs bosons with the ∼ TeV momenta that are required for d¯ ∼ LSHiPmax . Instead, B
mesons produced at SHiP can have energies of at most EB = 400 GeV which leads to a
suppression of the dark Higgs event rate of at least exp(−TeV/Eφ) ≈ 0.08, where we have
assumed the maximal possible energy Eφ = EB = 400 GeV. In practice, most B mesons
are produced with far smaller energies, only part of which is transferred to the dark Higgs,
implying a far stronger exponential suppression. For example, the SHiP collaboration [11]
(following CHARM [34]), finds a mean dark Higgs energy of Eφ ∼ 25 GeV, implying a
suppression factor of exp(−TeV/Eφ) ≈ 4× 10−18. Last, SHiP’s angular acceptance requires
θφ ≈ pT/Eφ < RSHiP/LSHiPmax ≈ 20 mrad, while for dark Higgs bosons with Eφ ∼ 100 GeV and
pT ∼ mB, we find θφ ∼ mB/Eφ ∼ 50 mrad. As shown in Fig. 4, at least for FASER on the
far location with R = 1 m, essentially all dark Higgs bosons that decay near Lmax satisfy the
angular acceptance requirement. All of these effects lead to FASER having better coverage
than SHiP for θ ∼ 10−4. Of course, for low values of θ . 10−5, the decay lengths are larger,
and, as we see in Fig. 5, SHiP is a more sensitive experiment. FASER is sensitive to such
small θ only through processes induced by the trilinear hφφ coupling, to which we now turn.
IV. PROBES OF THE DARK HIGGS BOSON TRILINEAR COUPLING
FASER can also probe the trilinear coupling hφφ, as this coupling induces the double
dark Higgs production process b→ sh∗ → sφφ, leading to dark Higgs bosons that then decay
into SM particles. The production rate is controlled by the coupling λ in Eq. (2), while the
lifetime depends on the mixing angle θ. In Sec. IV A we discuss the kinematic distributions
of dark Higgs bosons produced through b → sφφ. In Sec. IV B, we then determine the
number of dark Higgs bosons from double dark Higgs events that could be seen in FASER.
A. Dark Higgs Pair Production in B Decays
The b→ sφφ transition may be described by the effective Lagrangian [43]
Lbsφφ = 1
2
mb(Cs¯LbR + C
∗b¯LsR)φ2 , (11)
where
C =
3λ
8pi2v2
m2t
m2h
V ∗tsVtb = 4.9× 10−8 GeV−2 · λ . (12)
Following Ref. [44], the inclusive differential decay width is
dΓb→sφφ
dq2
=
C2
256pi3mb
(
1− 4m
2
φ
q2
)1/2
λ1/2(m2b ,m
2
s, q
2)
[
(mb −ms)2 − q2
]
, (13)
where q2 = (pb− ps)2. Taking the limit ms → 0 and integrating over q2 from 4m2φ to m2b , we
find
B(b→ sφφ) = Γb→sφφ
ΓB
=
1
ΓB
C2m5b
256pi3
f
(
mφ
mb
)
, (14)
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where
f(x) =
1
3
√
1− 4x2(1 + 5x2 − 6x4)− 4x2(1− 2x2 + 2x4) log
[
1
2x
(
1 +
√
1− 4x2
)]
. (15)
For mφ = 1 GeV, B(b→ sφφ) ' 2.1× 10−4 · λ2.
The decay kinematics can be specified by five parameters: q2, the polar and azimuthal
angles of the off-shell Higgs in the b-quark rest frame, and the polar and azimuthal angles
of the dark Higgs bosons in the off-shell Higgs rest frame. To simulate the 3-body decay, we
scan over q2 and integrate over the rest of the parameters via Monte Carlo.
In the top left panel of Fig. 6, we show the distribution of dark Higgs bosons produced in
b→ sφφ in the (θφ, pφ) plane. We have set mφ = 500 MeV and λ = 4.6×10−3, corresponding
to B(h → φφ) = 0.1 (see below). The typical transverse momentum of the produced dark
Higgs bosons is pT ∼ mb/2. The top right panel of Fig. 6 shows the distribution of dark
Higgs bosons that decay in the far detector range (Lmin, Lmax) = (390 m, 400 m), assuming
a coupling θ = 10−4 for illustration. For these parameters, we see that, despite the highly
suppressed branching fraction for b→ sφφ, hundreds of dark Higgs bosons can be produced
and decay in FASER.
B. Trilinear Coupling Reach
We now evaluate FASER’s sensitivity to λ and compare it to other probes. In particular,
the trilinear hφφ coupling also induces the SM Higgs decay h→ φφ with branching fraction
B(h→ φφ) = Γ(h→ φφ)
Γh
≈ 1
ΓSMh
λ2v2
8pimh
(
1− 4m
2
φ
m2h
)1/2
' 4700 · λ2 . (16)
Current limits depend on both λ and θ, but for small θ, where the φ lifetime is large,
these events lead to invisible Higgs decays, which are constrained by searches at CMS [45]
and ATLAS [46, 47]. The most stringent current bound of B(h → inv) < 0.24 implies
λ < 7.1× 10−3.
In the bottom panel of Fig. 6, we set λ = 4.6× 10−3, corresponding to B(h→ φφ) = 0.1,
roughly the sensitivity to invisible decays of the LHC with 300 fb−1. We then show the
number of dark Higgs bosons from the pair production process that decay in FASER at
the far location with R = 1 m. Despite the highly suppressed pair production process,
hundreds of dark Higgs bosons from this process could be detected by FASER. The region
of parameter space probed by the single and pair production processes are complementary:
for currently viable values of λ, there are regions of the (mφ, θ) parameter space that can
produce pair production signals without single production signals, and vice versa. In this
way, FASER is similar to MATHUSLA, which is sensitive to dark Higgs bosons from meson
decay and also from pair production in h → φφ [14]. We note, however, that, because the
regions of sensitivity to single and double production have significant overlap, if a signal is
seen, more detailed work is required to determine its origin or bound particular sources.
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FIG. 6: Top left: Distribution of dark Higgs bosons φ in the (θφ, pφ) plane from the process b→ sφφ,
for (mφ, θ) = (500 MeV, 10
−4) and λ = 4.6×10−3, corresponding to B(h→ φφ) = 0.1. The results
are for the 13 TeV LHC with integrated luminosity L = 3 ab−1. Top right: Same distribution,
but for dark Higgs bosons that decay within the range (Lmin, Lmax) = (390 m, 400 m). Bottom:
Number of signal events Nsig = 3, 10, 100 from the process b → sφφ in the dark Higgs parameter
plane (mφ, θ), assuming λ = 4.6 × 10−3, and FASER at the far location with R = 1 m. The star
indicates the representative parameter space point (mφ, θ) = (500 MeV, 10
−4).
V. COSMOLOGICAL CONNECTIONS
As mentioned in Sec. I, searches for dark Higgs bosons have implications for DM and
inflation.
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FIG. 7: Regions of dark Higgs parameter space that are probed by direct detection searches for
dark matter, assuming the dark Higgs boson mediates interactions between the SM and a Majorana
fermion thermal relic X. The gray shaded regions are excluded by current constraints. The blue
shaded regions are excluded by current direct detection bounds [50–55] for mX = 3mφ and 5mφ.
The dashed contours represent projected sensitivities of future direct detection experiments [1]. As
in Fig. 5, the green and red regions are the reach of FASER from B and K decays, respectively.
A. Dark Matter
Searches for dark Higgs bosons have implications for dark matter if they are mediators
between the SM and dark sectors. As an example, suppose the dark Higgs boson couples
to the SM as given in Eq. (2) and also to Majorana fermion DM X through the interaction
(see, e.g., [48], and recent discussion of complex scalar and pseudo-Dirac cases in Ref. [49])
L ⊃ −1
2
κφ X¯X . (17)
We will assume mX > mφ, and that the X thermal relic density is determined by the
annihilation cross section σ(XX → φφ) ∼ κ4, since annihilation to SM final states is
suppressed by powers of θ.
For given values of mφ and mX , the thermal relic density determines κ, and bounds
on the direct detection scattering cross section constrain σ(XN → XN) ∼ κ2θ2. As a
result, for fixed values of the ratio mφ/mX , current direct detection limits [50–55] constrain
the (mφ, θ) plane. These constraints are shown in Fig. 7 for various values of mφ/mX ,
along with the projected reach of future direct detection experiments [1]. We see that,
depending on mφ/mX , FASER can probe regions of the parameter space that are beyond
any proposed direct detection experiment. Of course, if signals are seen in both FASER and
direct detection, they will provide complementary probes of the dark sector.
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B. Inflation
Inflatons that are light and can be produced in particle physics experiments are phe-
nomenologically an appealing alternative to the standard paradigm, in which inflatons are
assumed to be heavy and therefore effectively decoupled from the SM. In some of these mod-
els, the light inflaton is identified with the dark Higgs boson [6–9]. The scalar Lagrangian
is then typically that of Eq. (1) with some parameters set to zero for simplicity.
Specifically, in the model discussed in Refs. [6–8], one sets µ = µ′12 = µ
′
3 = 0 in Eq. (1).
Electroweak symmetry breaking is driven by a non-zero inflaton vev in the Higgs-inflaton
mixing term. It was originally found that the preferred mass range for the inflaton in this
model is 270 MeV . mφ . 1.8 GeV [7], with a range of θ that could be probed by FASER.
Since the early analyses, however, the SM Higgs boson discovery [56, 57] and more recent
cosmological data [58] overconstrain the original model. To alleviate the tension between
the measured and predicted values of the tensor-to-scalar ratio r, one can, e.g., introduce a
non-minimal coupling of the inflaton field to gravity, as discussed in Ref. [8]. The relatively
large values of r inferred from such a model can be probed by future CMB observations;
for a review, see [59]. At the same time, a complementary search for the light inflaton in
FASER would allow one to thoroughly investigate the consistency of the model with the
experimental and observational data.
Alternatively, in models with low-scale inflation that predict very small values of r be-
yond the reach of CMB searches, the search for a light inflaton in FASER could be a rare
opportunity to test inflation experimentally. In particular, in Ref. [9] such a possibility
is discussed for a model with quartic hilltop inflation. Interestingly, these type of models
can also contain another dark-Higgs-like scalar that can be probed in FASER, namely, the
curvaton, which is introduced to reproduce the observed spectrum of CMB perturbations.
VI. CONCLUSIONS
Accessible new particles can be either relatively strongly interacting and heavy, or very
weakly interacting and light. In the latter case, the extraordinary event rates at the LHC,
especially in the upcoming high luminosity era, mean that even extremely weakly-interacting
new particles can be discovered in the low pT region along the beamline downstream of the
ATLAS and CMS IPs. The motivation of FASER, ForwArd Search ExpeRiment at the LHC,
is to exploit this opportunity to discover new physics with a small, inexpensive detector.
In this study, we have explored the potential for FASER to discover dark Higgs bosons,
hidden scalars that couple to the SM through the renormalizable Higgs portal interaction. As
with SM Higgs bosons, dark Higgs bosons couple preferentially to heavy SM fermions, and so
they are dominantly produced through the processes B → Xsφ and K → piφ. At the 13 TeV
LHC with 3 ab−1, FASER will greatly extend the discovery prospects for dark Higgs bosons.
As many as 104 dark Higgs boson can be seen in FASER in currently unexplored parameter
space, and FASER may discover dark Higgs bosons with masses mφ = 0.2 − 3.5 GeV and
mixing angles θ ∼ 10−5 − 10−3. Although FASER’s sensitivity given in Fig. 5 clearly shows
a significant overlap with other proposed experiments, FASER is uniquely sensitive in the
parameter space with mφ & 1 GeV and θ ∼ 10−4, for which dark Higgs bosons are typically
too prompt to be detected by the other experiments. This result is due to the combination
of FASER’s geometric acceptance with the (θφ, pφ) kinematic distribution of dark Higgses
produced at the LHC. In addition, FASER may also discover dark Higgs bosons produced
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through b→ sh∗ → sφφ, which probes the trilinear coupling hφφ and is complementary to
probes of the rare SM Higgs decay h→ φφ; the reach in this case is shown in Fig. 6.
FASER will probe models of cosmological interest. For example, dark Higgs bosons may
mediate interactions between the SM and dark matter particles X. For mφ,mX ∼ GeV, the
required couplings for a thermal relic are θ ∼ 10−5 − 10−3, depending on the hidden sector
coupling. Such couplings are exactly in FASER’s range of sensitivity. We have shown that
FASER’s sensitivity also surpasses current direct detection searches. In addition, FASER is
sensitive to viable regions of parameter space in scenarios in which the dark Higgs boson is
also the inflaton. If a signal is seen at FASER, it will shed light on inflation in these models,
a rare opportunity to probe inflation in particle physics experiments.
The search for dark Higgs bosons has many interesting features when compared to the
search for dark photons at FASER [2]. These two possibilities probe renormalizable couplings
of the SM to the hidden sector, which can reasonably be expected to be the leading couplings
in many cases. At the same time, there are several qualitative differences:
• Dark photons are dominantly produced with pT ∼ ΛQCD, and so are highly collimated
even 400 m from the IP, where they may be collected with a cylindrical detector with a
radius of only R = 20 cm. In contrast, dark Higgs bosons are predominantly produced in
B decays with pT ∼ mB, and they are therefore less collimated. A detector with radius
1 m can improve search prospects significantly.
• FASER is mainly sensitive to the parameter space in which the dark photons are relatively
short-lived (large ), and arrive in FASER only due to their high energy, while the long-
lived regime (small ) is already mostly excluded. In contrast, in the dark Higgs case,
one typically probes relatively long lifetimes, which, in turn, require smaller boosts and
again imply larger angles with respect to the beam axis.
• As shown in Fig. 2, the dark Higgs predominantly decays into the heaviest allowed decay
mode. At FASER, these are mainly muon, pion and kaon pairs, depending on the dark
Higgs mass. A tracker-based technology in combination with a magnetic field will detect
the charged particle final states. To detect neutral decay modes, such as φ → pi0pi0,
these components could be augmented by an electromagnetic calorimeter and, possibly,
a ring-Cherenkov detector.
Here and in Ref. [2], we have considered dark Higgs bosons and dark photons separately.
Of course, these two new particles may naturally appear together in theories where the
dark photon mass is generated by a non-zero vev of a dark Higgs boson. (For a review
see, e.g., Ref. [60].) In such theories, the dark photon and dark Higgs boson naturally
have similar masses, and they may be simultaneously probed by FASER. In addition, the
impact of the interaction term between dark Higgs boson and dark photons, φA′µA
′µ, could
significantly alter our discussion of the sensitivity reach of FASER. Specifically, dark Higgs
boson decays into two dark photons, φ→ A′A′, if kinematically allowed, could make a dark
Higgs boson discovery much more challenging, but at the same time significantly improve the
prospects for a dark photon detection. On the other hand, the number of dark Higgs bosons
going towards FASER could be increased by additional processes in which dark photons are
produced and then radiate off dark Higgs bosons.
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